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ABSTRACT: Organic compounds, such as covalent organic framework, metal−organic frameworks, and covalent organic
polymers have been under investigation to replace the well-known amine-based solvent sorption technology of CO2 and
introduce the most efficient and economical material for CO2 capture and storage. Various organic polymers having different
function groups have been under investigation both for low and high pressure CO2 capture. However, search for a promising
material to overcome the issues of lower selectivity, less capturing capacity, lower mass transfer coefficient and instability in
materials performance at high pressure and various temperatures is still ongoing process. Herein, we report synthesis of six
covalent organic polymers (COPs) and their CO2, N2, and CH4 adsorption performances at low and high pressures up to 200
bar. All the presented COPs materials were characterized by using elemental analysis method, Fourier transform infrared
spectroscopy (FTIR) and solid state nuclear magnetic resonance (NMR) spectroscopy techniques. Physical properties of the
materials such as surface areas, pore volume and pore size were determined through BET analysis at 77 K. All the materials were
tested for CO2, CH4, and N2 adsorption using state of the art equipment, magnetic suspension balance (MSB). Results indicated
that, amide based material i.e. COP-33 has the largest pore volume of 0.2 cm2/g which can capture up to the maximum of 1.44
mmol/g CO2 at room temperature and at pressure of 10 bar. However, at higher pressure of 200 bar and 308 K ester-based
compound, that is, COP-35 adsorb as large as 144 mmol/g, which is the largest gas capturing capacity of any COPs material
obtained so far. Importantly, single gas measurement based selectivity of COP-33 was comparatively better than all other COPs
materials at all condition. Nevertheless, overall performance of COP-35 rate of adsorption and heat of adsorption has indicated
that this material can be considered for further exploration as efficient and cheaply available solid sorbent material for CO2
capture and separation.
KEYWORDS: CO2 capture, porous adsorbents, covalent organic polymers, high-pressure capture
1. INTRODUCTION
Sustainable and economical capture and separation of CO2
from fossil fuel based industries is highly desirable to govern the
excessive emission, mitigate the adverse anthropogenic effects
and uphold the overall concentration of greenhouse gases up to
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the UN recommended level.1 In addition to the customarily
used aqueous monoethanolamine systems, various other
technologies and materials particularly solid sorbents2 such as
metal organic framework (MOF), covalent organic framework
(COF),3 activated carbon, mesoporous silicas, zeolites poly-
benzimidazole, inorganic materials, and many polymers4 have
been explored to overcome the issues of capturing capacity,
reusability, selectivity and stability of the sorbents materials.
Among various solid materials, organic polymers have the
additional benefits of simple preparation, low manufacturing
cost, abundant availability, nontoxicity, biodegradability and
structure flexibility for capturing different gases at different
environmental conditions.4 Importantly, selection of the core
monomers and linkers independently steer the physical
properties as well as the structures of polymer networks.
Literature in this field has the opinion that capturing route is
mainly based on the physical sorption of the polymer materials
which makes the process appropriate as long as the repeated
useability of the solid sorbent is concern. This is still under
debate in literature2,5 that gas uptake capacity of solid sorbents
apparently dependent on the physical parameters like surface
area, pore volume and structure rigidity of the materials. On the
other hand physical properties which steer the gas capturing
capacity are hooked to the selection of core monomers and
linkers in case of polymer networks. Various organic polymeric
materials prepared from the same building block, but, linked by
different chain linkers have significant differences in the nature
of physical parameters.6 For example microporous organic
polymers (MOPs) prepared with benzene as core monomers
and linked by two different agents 1,3,5-tris(bromomethyl)-
2,4,6-trimethylbenzene and 1,3,5-tris(bromomethyl)benzene
have different surface areas (609 and 688 m2/g), pore volumes
(0.35 and 0.40 cm3/g), and different CO2 adsorptions of 63.6
and 101 mg/g, respectively.7 Covalent organic polymers
(COPs) have been recently introduced as a new class of
polymers compounds which have promising high CO2
capturing capacity8 mainly associated with the physical
parameters of the materials. Cyanuric chloride based covalent
organic polymers linked by piperazine and 4,4-bipiperidine
have different surface areas of 168 and 158 m2/g respectively,
which consequently have significant effect on the adsorption
capacity.9 Liebl et al.10 have reported that CO2 capturing
capacity of triazine-based porous polyimide (TPI) materials is
mainly attributed to the combined effect of functionality of the
surfaces and surface area of the network which can be tuned
with the help of different linkers. It was further argued that the
inflexible nature of the linkers at the center of materials in case
of PTI-1 and PTI-2 as compared to the other polymer
networks make the structures of these materials more rigid
because of the covalent bonds11 incorporated by the linkers.
Beside the larger surface area and pore volume; physical
sorbents materials should have attractive outer surface and
inner pore surfaces to capture CO2 from the stream of the flue
gases. CO2 affinity toward the attaching site can be established
by enhancing the basicity and functionalization12 of the
capturing compounds. Sekiskardes et al.13 have attempted to
introduce the nitrogen functionality (basicity) in various types
of polymers by incorporating imidazole ring as a linker within
the structure of polymers, however, materials with the largest
surface area has shown excellent performance as long as the
capture capacity of the sorbent is concern. So far most of the
related research has been focused on the investigation of
capturing capacity and selectivity of organic polymers, however,
minor attention has been made toward the rate of the
adsorption process. In our knowledge and as per the literature
survey excluding porous polymers only few lithium based
composite materials14 have been explored for the adsorption
rate of CO2. Kato et al.
15 has found that Li4SiO4 has the highest
adsorption rate for CO2, which could capture up to 50 mg/g/
min at 500 °C using TGA analysis techniques. It might be
possible that a sorbent can have larger capturing capacity as
compared to other counterparts, however, due to slow
adsorption kinetics, despite lower capture capacity other
counterpart materials might be faster in adsorption process
and could be advantageous in processes that requires rapid gas
adsorption−desorption cycles. Adsorption−desorption kinetics
has similar importance as the capacity of the materials, since;
rapid removal16 of the unwanted gas molecules is highly
essential in some industrial processes17 to avoid further
chemical reaction and formation of toxic hazardous com-
pounds. Here in it has been attempted to investigate the effect
of nitrogen18 and hydroxyl functionalities19 independently on
the CO2, N2, and CH4 adsorption capacity and rate of
adsorption by making two different sets i.e. amide10,20 and ester
based11,21 COPs materials with two different core monomers
and six different linkers. The objective of this work is to
investigate the newly synthesized covalent organic polymers
and their gas uptake performances considering various gases
including CO2, N2, CH4, and H2.
2. EXPERIMENTAL SECTION
Materials and Methodology. N,N-Diisopropylethylamine, 1,3,5-
benzene tricarbonyltrichloride, 4-aminobenzylamine, 1,4-phenylenedi-
amine, 1,3-phenylenediamine, hydroquinone, phloroglucinol, bisphe-
nol A were purchased from Sigma-Aldrich, and were used as received,
however, dioxane, and ethanol were obtained from TCI, Japan.
In a typical synthesis (detailed experimental procedure given
Supporting Information), N,N-diisopropylethylamine was added to
linker (4-aminobenzylamine, 1,4-phenylenediamine, 1,3-phenylenedi-
amine, hydroquinone, phloroglucinol, or bisphenol A) dissolved in 1,4-
dioxane at room temperature. The dioxane solution of core (1,3,5-
benzene tricarbonyltrichloride) was added dropwise to the above
solutions with continuous stirring at 12−14 °C in the atmospheric
condition. Once the addition was finished, the reaction mixture slowly
heated up to room temperature and it was stirred for 24 h. The
precipitate was washed with dioxane and soaked in ethyl alcohol three
times over the period of 12 h. The obtained product, COPs-32−37,
was dried at room temperature under vacuum for 2 h and subsequently
was dried at 110 °C in vacuum for 5 h. Yield of the materials was
measured to be in the range of 74−86%.
Elemental analysis was performed at Korea Advance Institute of
Science and Technology (KAIST) Central Research Instrument
Facility using Thermo Scientific FLASH 2000 equipped with a TCD
detector and Bruker Advance 400 MHz WB equipped with a 4 mm
probe. Solid-state 13C and 31P cross-polarization magic angle
spinning NMR (CP-MAS) were conducted by spinning the samples
at 12 kHz and 20 kHz respectively with the contact time of 5 ms and a
delay time of 3 s. Fourier transform infrared spectra (FTIR) were
recorded on a Shimadzu IR-Tracer-100 equipped with a Gladi ATR
module. Morphological study of materials was conducted with
scanning electron microscope (FE-SEM-Nova Nano-450, Netherland)
where the samples were uniformly and directly coated on an aluminum
stub having 3 nm platinum coating, which was used as a conducting
material. Physical properties of polymers were determined with
nitrogen adsorption isotherms using a Micrometrics 3FLEX
accelerated surface area and porosimetry analyzer at 77 K. Prior to
sorption measurement for physical parameters analysis, samples were
activated through a degassing step at 423 K for 5 h under vacuum,
which was applied by a mechanical roughing pump, manufactured by
Varian Inc. The specific surface areas were derived from Brunauer−
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Emmett−Teller (BET) method. Pore volume and pore diameter were
determined via the BJH desorption model. FE-SEM (field emission
scanning electron microscope) was taken using Nova 230 to study the
structure of materials. Tapping density of the materials is measured
with the help of AUTOTAP density analyzer from Quantachrome
Instruments at the tapping rate of 2000 per hour. Prior to density
measurement samples were dried in oven at 110 °C for 24 h to
evacuate the materials from water content.
Thermal stability was studied with PerkinElmer Pyris 6
(Thermogravimetric Analysis) TGA machine, where materials were
heated in N2 environment from 30 to 800 °C at the rate of 3 °C per
minute. On the other hand, in situ infrared Fourier transform
spectroscopy (FTIR) was used to investigate the interaction of CO2
with COP material through the in situ diffuse reflectance (DRIFTS)
measurements techniques. Certain amounts of COPs materials were
mixed with potassium bromide powder in a proper ratio to dilute the
magnitude of materials under investigation. The solid mixture was
then, degassed for at least 12 h using BET analysis system prior to in
situ measurement. Diluted COP material was subjected to various
pressures (0.1 to1 bar) ranges at 25 °C and data was collected for each
pressure range. Pressure was applied manually, into the closed
chamber containing diluted COPs materials. Spectra of COP material
exposed to different pressures of CO2 were collected after allowing at
least 5 min for adsorption saturation. Background spectrum obtained
with pure KBr detector in CO2 environment was subtracted from the
diluted samples spectrum to eliminate the contribution of CO2 in the
bulk.
Magnetic suspension balance (MSB) from Rubotherm Prazisions
Messtechnik GmbH equipped with automated Teledyne Isco 260 D
pump was used to measure the low and high pressure gas uptake of the
synthesized sorbent materials and this apparatus is located at Qatar
University laboratory. Details about experimental set up of MSB for
high pressure gases measurement has been mentioned in literature
previously.22 However, in a typical procedure, fixed amount (0.10−0.2
g) of each sample was first evacuated for at least 12 h at 101 °C within
the closed sample chamber of balance to completely eliminate the
effect of humidity. Four gas cylinders high purity (grade-2) gas
cylinders are connected to gas dosing system (GDS) via external pump
to pressurize the required gas into the measuring cell. The maximum
set pressure (10 for low pressure measurements and 200 bar for high
pressure measurements) was applied stepwise by increasing the
pressure gradually from 1 bar up to the maximum of 10 and 200 bar,
respectively. Each pressure point took about 60 min to gain the set
point of pressure and temperature equilibrium, recorded four different
sets of measurements and collected the data points. In case of low
pressure measurement each measurement point was taken after 1 bar
increment reaching up to the maximum of 10 bar, totalling of 12
measurements including evacuation step of the cell at the beginning
and at the final stage of the measurement cycle. For high-pressure
measurement, data was collected by total of 21 measurement points
including initial and final evacuation. Initially, pressure of the system
was increased gradually from 5, 10, 15, and 25 bar with each step of 1 h
and then each point was incremented with 25 bar reaching to 200 bar.
After reaching the maximum set pressure points both in low and high
pressure condition, pressure of the system was gradually reduced
exactly with the same measurement points starting from the high
pressure and reaching to the last evacuation point to complete the
desorption process. The system is fully automated and the pressure
goes to next higher point after completing the previous measurement
point. The system was brought to atmospheric pressure subsequently
by final evacuation of at least 5 h at the same temperature. The above
procedure was repeated with the same sample (unchanged sample)
each for three temperatures, that is, 308, 323, and 338 K and three
gases (CO2, N2, and CH4) with total evacuation of at least 10 h in each
case. COPs samples were exposed to cyclic (at least 3 cycles per
samples) adsorption/desorption experiments for observing the activity
and performance of the materials.
Moreover, MSB apparatus is equipped with in situ density
measurement capability and it is used for obtaining the density values
for the gases that are processed in the experimental measurement cell
during the adsorption measurements. To make sure the physical state
of the measured gas and rule out possible condensation of the gases on
the pores of the adsorbent material, the density of the gas is
experimented in the MSB. Then this density data is crosschecked by
using a NIST reference database for pure components via REFPROP
9.1 software.23 Last but not least, the density data that is obtained from
in situ measurements in the MSB and the calculated density values at
high pressures by using REFPROP software is compared with
published material for the pure gases that are used in this work and
no ambiguity has been observed for the gas densities.24
3. RESULTS AND DISCUSSIONS
Figure 1, shows the schematics of amide and ester linked
covalent organic polymers obtained with the procedure
mentioned in the Materials and Methodology section. Organic
polymers with two different (i.e., OH and N) functionalities
were prepared with the objective to examine the effectiveness of
two functionalities for large capacity and high selectivity CO2
capture at various temperatures and pressures. Amides are
proven to have high polarity while ester have good stability and
therefore may have applications in high pressure CO2
adsorption.25 Thus, as shown in the schematic fundamental
block, benzene tricarbonyltrichloride was linked by two
different linkers, having nitrogen (amide) (COP-32, COP-33,
and COP-34) and hydroxyl (ester) ions (COP-35, COP-36,
and COP-37) functionality with in the repeating chain
structures. COPs that are presented in this work are numbered
in a consecutive way according previous publications.9,26
Elemental analysis of COPs materials (given in Table 1)
shows the experimental percentage contents of carbon,
Figure 1. Repeating unit structure of amide and ester-linked covalent organic polymers (COPs-32−37).
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hydrogen, nitrogen, and oxygen in these structures. Table 1
reveals that amides based polymers (COP-32, COP-33, and
COP-34) have same concentration of O (1.6%), but carbon
content is reducing from 68.9% to 59.8% as the concentration
of N increases from 12% to 27.8% indicating strong interaction
of linkers with parent monomer. The high content of nitrogen
in COP-34 indicates that 1,3-phenylene is more reactive than 4-
aminobenzylamine and 1,4-phenylene with tricarbonyltrichlor-
ide resulting in chain structures of COP-34. On the hand, ester
linked polymers (COP-35, COP-36, and COP-37) have
obviously more oxygen concentration than the amide type
materials owing to the presence of hydroxyl moiety in the
linkers molecules. Additionally, COP-37 has the highest
concentration of carbon (75.8%) among all new materials
with the least oxygen quantity (19.5) among the ester type
chained covalent organic polymers. It is important to note that,
COP-33 in amide series and COP-35 in ester series have the
average carbon concentration of 67.4% and 66.1% respectively,
with average content of nitrogen (13.8%) and oxygen (29.9%).
Additionally, FTIR analysis (Figure 1, Supporting Information)
confirmed formation of amides and ester based materials, since
prominent peaks at 1530−1660, 1735, and 1220 cm−1
observed, which can be associated with N−H bending, C
O, and C−O stretching, respectively.27 The two major peaks in
the range of 1735 and 1300−1000 cm−1 indicates the presence
of saturated aliphatic ester and carbonyl group.28 The three
prominent peaks in the range of 3400, 1615, and 1516 cm−1 in
COP-32, COP-33, and COP-34 are attributed to the presence
of the amino group, N−H stretching, and N−O stretching
mode indicating formation of the required amide based
materials.29
Thermal stability of the materials were tested by sintering
materials in nitrogen environment at the rate of 5 °C/min using
TGA equipment. As shown in Figure 2, only 4% degradation
was observed in all of the material up to 250 °C, whereas 3%
weight loss can be seen up to 100 °C, which is mainly
associated with the desorbed water in the porous structures of
materials. As shown in the inlet of Figure 2, further 1% weight
loss from 100 to 250 °C can be attributed to the removal of
some unreacted organic compounds and resins. The most
common feature in all of the materials was the rapid weight loss
started in the range of 350−400 °C. This third weight loss step
can associated with the actual decomposition of covalent
organic polymers, since almost 60% of the materials were
degraded in the temperature range of 300−600 °C. This clearly
indicates that, these compounds have good thermal stability
and can be used at temperature as high as 250 °C. Mason et al,
related the initial 7% weight loss to the removal of NH2 group
in amine modified polymer of intrinsic microporosity (PIMs)
however, the covalent organic polymer presented in this article
possess the intrinsic functionality without any further amine
impregnation, thus, these materials have shown higher thermal
stability than PIM.30 COPs (COP-H, COP-C) reported by Sun
et al. and modified with palladium nanoparticles decomposed
up to 60% at around 250 °C, indicating thermal in-stability31 as
compared to our COPs materials which have shown structure
strengthens under similar condition. This higher thermal
stability of COPs (COP-32−37) materials can be mainly
associated with the strong hydrogen bonding between building
block monomers and different linkers.32
Additionally, three connecting nodes of building block
monomer, that is, tricarbonyl trichloride can be easily chained
by two connecting nodes linkers, which ensure rigidity of the
materials and therefore, retain the porous structure stability at
temperature as high as 300 °C.33 Importantly, thermal stability
of polymers can be further extended by conjugating surface OH
ion with 3,4-diace-toxycinnamic acid (DACA), however, this
will hinder CO2 adsorption.
34 Figure 3 shows the SEM
micrographs of all COPs materials with the same scale of
Table 1. Elemental Analysis of COPs-32-37
material ID C % H % N % O %
COP-32 68.9 5.3 12 1.6
COP-33 67.4 5 13.8 1.6
COP-34 59.8 4.8 27.8 1.6
COP-35 66.1 3.6 29.9
COP-36 61.2 3.9 34.8
COP-37 75.8 5.4 19.5
Figure 2. Thermal degradation profile of COPs-32−37 up to 800 °C, performed at 5 °C/min in N2 atmosphere.
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magnification (×100 000). It can be seen from the SEM images
that COP-32−34 are in the form of agglomeration and have
almost similar structures and sizes. In case of COP-32 and
COP-33 very small sizes particles aggregated to form bunch like
structures with negligible porosity, however, in case of COP-34
small sizes particles made elongated structures indicating
formation of chain polymers.
On the other hand ester linker based COPs (COP-35−36)
except for COP-37 have almost bigger size agglomerates with
different sizes from very small to very large spherical like
assemblies. SEM images further reveal that COP-37 has very
small particle size as compared to other counterpart where the
material makes a plum like shape. Although COP-35 has
different sizes particulate, however, the overall size of this
material is smaller than COP-36 but, larger than COP-37.
Since, single building block monomer, that is, tricarbonyl
trichloride has been used for the synthesis of these materials,
however, variation in the aggregation of particles to form
agglomerated structure can be attributed to the differences in
the connecting sites of various linkers.
Along with functionality35 and selectivity, pore volume and
surface area also play crucial role36 in adsorption−desorption
performance of solid sorbents to capture large quantity of flue
gases.37 Physical parameters, such as pore volume, surface area,
pore volume distribution and pore size of COPs materials were
investigated through liquid nitrogen adsorption−desorption
isotherms, as shown in figures given in Supporting Information
(Figure S2). It is evident that N2 isotherms of all materials have
type III characteristics indicating multilayer pore filling with
weak interaction between adsorbate and adsorbent.38 Detail
investigation of the pore size distribution (Figure S2), reveal
that COP-32-COP-34 have both mesoporous and macro
porous sizes pore diameters, while COP-35 and COP-36 are
mostly mesoporous structures.
Table 2 shows the physical properties, that is, BET surface
areas, pore volume, and density of COPs materials. Excluding
COP-37, it can be seen that amide based polymers have
generally greater surface area and larger pore volume than ester
type materials. Among all the materials COP-35 has the lowest
BET surface area of 5.4 m2/g, whereas COP-37 has the largest
BET surface are of 54.2 m2/g. On the other hand COP-33 has
the largest pore volume of 0.2 cm3/g, with the second largest
Langmuir surface area of 73.4 m2/g, however, COP-36 has the
smallest pore volume among all COPs materials. The surface
area and pore volume of these COPs materials (COP-32−37)
are found to be much smaller than the other COPs materials
(COP-1−4) which was measured to be 2015 m2/g and 1.76
cm3/g.39 The lower surface area and smaller pore volumes of
COP-32−37 than COPs materials prepared and they can be
attributed to the differences in the aromatic rings of backbone
monomers.39 COP-1−4 have been prepared with tris(4-
bromophenyl) benzene, which have 3 benzene rings in the
building block monomers, while COP-32−37 have a single
benzene ring in the building block monomer (benzene
tricarbonyltrichloride). It can be assumed that the structures
of COP-34−37, which have single benzene ring in the
backbone may be more compact due to the attachment of
large number of linkers’ molecules. However, in case of COP-1
to COP-4 backbone monomers have three benzene rings and
each ring is connected by linkers making a hexagonal like loop
structures with more unoccupied free space within the
molecules.39 The loop like molecular arrangements in COPs
prepared previously elsewehere39,40 allows larger space within
the structure as compared to the squeezed structures of COP-
32−37, which results in larger pore volume and larger surface
area.
Adsorption capacity of COPs materials were first tested with
BET apparatus for CO2 and N2 gases at standard temperature
and pressure. Table 3 shows the overall performance of all the
materials at low pressure of 1 bar and 298 K, which reveals that
COP-33 has the highest CO2 adsorption capacity, whereas
COP-36 has the highest N2 adsorption capacity. Adsorption
isotherms of CO2 and N2 at 298 K and 1 bar are given in
Figure 3. Morphology of COPs-32−37 obtained from FE-SEM (bar scale = 500 μm).
Table 2. BET Analysis and Physical Properties of COPs
Materials
material density
(g/cm3) surface area (m2/g)
material bulk tapped BET Langmuir pore volume (cm3/g)
COP-32 0.152 0.190 46.00 63.80 0.139
COP-33 0.122 0.156 53.20 73.40 0.200
COP-34 0.194 0.253 33.40 46.20 0.095
COP-35 0.086 0.125 5.40 7.50 0.110
COP-36 0.146 0.220 11.10 15.40 0.032
COP-37 0.135 0.200 54.20 75.00 0.190
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Supporting Information (Figure S3), which clearly demonstrate
that COP-33 up takes 0.5963 mmol/g CO2 which is the highest
among all and more than twice the uptake by COP-35 (0.2831
mmol/g). Additionally, COP-33 has the best selectivity of 32:1
for CO2:N2 than all other materials, whereas COP-35 has the
lowest overall performance as long as the adsorption capacity of
materials is concern. When all materials are considered, better
gas uptake performance of COP-33 among the other materials,
particularly in comparison to COP-35 can mainly be attributed
to the largest pore volume and high surface area. On the hand
COP-35 has the smallest surface area among all materials,
which makes this material less capable to adsorb CO2 at these
pressure and temperature conditions.
All COP materials were further examined for adsorption of
CO2 as well as N2 and CH4 at 10 bar and different
temperatures. The adsorption desorption isotherms of CO2 at
10 bar and two different temperatures, that is, 298 and 323 K
are given in Figure 4, where Table 4 shows the complete
experimental data, however, N2 and CH4 adsorption isotherms
can be viewed in the Supporting Information. It is evident from
Figure 4 that like ambient condition COP-33 adsorbed more
CO2 than all other COPs materials at increased pressure of 10
bar and 298 and 323 K. However, CO2 uptake of COP-33 was
1.44 mmol/g at 298 K, which was reduced to 0.98 mmol/g at
higher temperature of 323 K, due to the exothermic
characteristic of adsorption process. Figure 4, further reveals
that amide based polymers COP-33, COP-32, and COP-34
generally up take more CO2 than ester based materials i.e.
COP-35, COP-36, and COP-37 at same pressure and
temperature conditions. It can be seen that CO2 uptake
capacity of amide type polymers (COP-32, COP-33, and COP-
34) vary according to the size of their pore volume and surface
area. Since, trend in the CO2 adsorption capacity of amide
based materials is COP-33 > COP-32 > COP-34, which is
exactly similar to the pore volume (0.2 > 0.139 > 0.095 cm3/g)
and surface areas of these materials.
Similarly, effect of pore volume on the adsorption capacity of
CO2 at lower pressure was also observed in ester-based
materials, since the pore volume and adsorption capacity were
vary as COP-37 > COP-35 > COP-36 which are given in Table
2 and 3. This effect of pore volume on CO2 uptake capacity is
prominent at higher temperature of 323 K as compared to 298
K. Additionally, various researchers have correlated the
adsorption capacity of materials with concentration of nitrogen
functionality, however, in our case COP-34 up take lowest CO2
among the amide based polymers though it has the largest
content of nitrogen. It can be deduced from these findings that
at lower pressure (up to 10 bar), pore volume, and surface areas
not the N content are the main drivers for high quantity CO2
adsorption in amide based covalent organic polymers. Xiang et
al.39 also found similar effect of pore volume on the CO2
adsorption capacity in three covalent organic polymers
(namely, COP-1, COP-2, COP-3) with the exception of
COP-4, which showed highest surface area and was prepared
from triazine and has N enriched structure. Upon comparing
the physical parameters (such as surface area and pore
volumes) and adsorption capacity of porous COP32−37
materials with literature, it can be seen that porous aromatic
framework (PAF)41 having surface area as high as 5600 m2/g
up takes 1300 mg/g (about 33 mmol/g) at 48 bar and 298 K.
Similarly, PPN-4 with surface area of 6610 m2/g and pore
volume of 3.04 cm3/g, adsorbs 50 mmol/g CO2 at 50 bar and
295 K.42
Upon checking the adsorption capacity of these materials for
N2 and CH4 it can be seen that COP-33 and COP-34 adsorb
certain quantities of gases other than CO2 at pressure of 10 bar,
however, all other materials are almost inert and do not uptake
other N2 and CH4. As shown in Table 4 COP-33 adsorb
comparatively more nitrogen and methane than all other
materials, which are 0.61 and 0.41 mmol/g at 298 K and 10 bar.
As a general analysis it can be assume that amide based COPs
materials adsorb certain amount of N2 and CH4 along with
CO2; however, ester-based materials are totally inactive for
adsorption of N2 and CH4 at pressure up to 10 bar and
temperatures of 298 and 323 K.
Since, pore volume and surface areas of amide based COPs
are higher than the ester based materials, preliminary, it can be
assumed that these physical properties are responsible for
adsorption of N2 and CH4 by amide type COPs materials.
Additionally, selectivity of most of the ester-based polymers
(COP-36, COP-37) is much higher than that of amides COPs
Table 3. CO2 and N2 Adsorption Capacity and Selectivity at
298 K and 1 bar
uptake (mmol/g)
COPs CO2 N2 selectivity CO2:N2
COP-32 0.444 0.020 22:1
COP-33 0.600 0.019 32:1
COP-34 0.470 0.024 20:1
COP-35 0.283 0.022 13:1
COP-36 0.330 0.023 15:1
COP-37 0.444 0.0175 25:1
Figure 4. CO2 adsorption at (a) 298 and (b) 323 K and 10 bar.
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(COP-32, COP-33, and COP-33). Among amide type COPs
materials, COP-32 has better selectivity, than COP-33 and
COP-34 at 323 K and 10 bar, however, selectivity of COP-33 is
better than all other materials at 298 K and 10 bar. It must be
noted that, COP-33 has also best selectivity among all other
materials for CO2 over N2 at 298 K and 1 bar. Figure 5 reveals
that with the exception of small differences, COP-33, COP-37,
COP-34, and COP-32 almost uptake similar CO2 adsorption
quantity at 10 bar and room temperature, whereas, COP-35
and COP-36 adsorb lower amount of CO2 under similar
condition. The lower CO2 adsorption at these pressure and
temperature conditions by COP-35 and COP-36 can be
associated with the lower pore volume and lower surface area as
compared to other COPs materials presented in this article.
Precombustion such as in integrated gasification combine
cycle system (IGCC) requires CO2 separation and capture and
relatively high pressure and high temperature, thus COPs
materials were also tested under high pressure and high
temperature.43 Performance of all the materials at high pressure
up to 200 bar for CO2 uptake is shown in Figure 6, where the
isotherms were obtained at three different temperatures of 308,
323, and 338 K. Detail investigation of adsorption/desorption
isotherms reveal that behavior of adsorption before the critical
pressure range (70−80 bar) is different than that above this
pressure value. It is evident that at low pressure, that is, up to
the maximum of 80 bar adsorption is gradually increasing with
pressure similar to type III isotherms, which represents very
weak adsorbate−adsorbent interaction unlike to type II and IV
isotherms which have a knee in this range indicating monolayer
formation. This particular behavior of the isotherms at this
pressure range has been associated with the localized
adsorption of CO2 molecules in the vicinity of the unfilled
pores.44 Upon comparing the adsorption isotherms of COP
materials in the present study to that of polymers of intrinsic
microporosity (PIMs) investigated by Regno et al.45 it can be
seen that unlike to our case, there is a sharp increase in the
adsorption of CO2 at the lower pressure range which was
mainly attributed to the microporosity of materials. However,
in our case after the critical pressure range a sharp rise in the
adsorption is observed with increase in pressure which is
extended up to the pressure of 130 bar, whereas at further high
pressure the CO2 up take was almost flat with pressure and the
isotherms have very low slope in this region. Here, in we argue
that at above critical pressure (around 71 bar), both pore
fillings and enhancement in the interaction of adsorbate−
adsorbent commenced resulting in abrupt increase in the CO2
up take, which leads to the formation of type V isotherms
without hysteresis.
As shown in Figure 6 CO2 isotherms of all the materials have
similar trend of large adsorption at low temperature, that is, the
adsorption capacity varies with temperature as 308 > 323 and
338 K; however, in case of COP-37, the adsorption isotherms
were a bit different at low pressure values. COP-37 has lower
adsorption capacity at lower pressure and lower temperature,
which is contrary to all other materials. Nevertheless, the trend
of isotherms in COP-37 returns back to the established
conditions (i.e., higher adsorption at lower temperatures) only
at high pressure. This unusual behavior of COP-37 for CO2
adsorption at the lower pressure range may be associated with
the difference in the surface of this material, since COP-37 has
different surface texture than all other COPs materials as can be
noticed in the SEM images. Figure 6 further reveals that among
the amide base materials, COP-34 has the lowest CO2 capacity
whereas COP-32 and COP-33 has almost similar performance
with a small increase of capacity in case of COP-33. On the
other hand among the ester based materials, COP-36 has the
lowest CO2 capturing capacity, while COP-35 has the largest
adsorption capability, which is opposite to the performance of
these materials at 1 bar and room temperature.
CO2 up take of all materials at 308 K and 200 bar has been
compared in Figure 7, which reveals that adsorption capacity
varies as COP-35 > COP-33 > COP-32 > COP-37 > COP-36 >
COP-34. It must be noted COP-32 and COP-33 has almost
similar performance at 308 K followed by COP-37, however,
COP-36 and COP-34 fall in the same category with lowest
adsorption under similar condition. Upon matching the
physical properties of these compounds with adsorption
capacity at 308 K and high pressure of 200 bar, it can be
deduce that surface areas and pore volumes are not the driving
Table 4. Maximum Adsorption of N2, CO2, and CH4 by COP Materials at 10 bar
CO2 (mmol/g) CH4 (mmol/g) N2 (mmol/g) selectivity (CO2:N2:CH4)
temperature
material 298 K 323 K 298 K 323 K 298 K 323 K 298 K 323 K
COP-32 1.11 0.80 0.22 0.08 0.08 0.04 14:1:3 20:1:2
COP-33 1.44 0.98 0.41 0.29 0.61 0.26 4:1:2 4:1:1
COP-34 1.12 0.78 0.41 0.19 0.18 0.06 6:1:2 14:1:3
COP-35 0.82 0.55 0.18 0.13 0.08 0.06 10:1:3 9:1:2
COP-36 0.56 0.37 0.07 0.02 0 0 ∞ ∞
COP-37 1.14 0.72 0.19 0.11 0.21 0 ∞ ∞
Figure 5. Overall performance of all COPs (32−37) materials showing
maximum adsorbed capacity of CO2, CH4, and N2 at 10 bar and 298
and 323 K.
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forces for the maximum adsorption of COPs materials, since
COP-35 has the lowest surface area of 5.4 cm3/g but has the
largest capacity among all other materials. Similarly, Mon-
tagnaro et al.46 has recently compared the CO2 adsorption of
two different activated carbon samples and showed that
compound with lower pore volume has larger CO2 adsorption
capacity than that which has almost double pore volume. As
stated earlier, at lower pressure and lower temperature, physical
properties of the materials may have influence on the
adsorption capacities of these covalent organic polymers,
however, at high pressure and high temperatures, CO2 affinity,
active sites electrostatic interaction with adsorbate molecule
and effect of pressure and temperature on the polarity of
adsorbate and adsorbent, and on the physical properties
(surface and pore volume) of materials may contribute to the
enhanced CO2 adsorption.
47
Similarly, nature and texture properties variations of COPs
materials may also play important role in the adsorption
capacity, since the surface functionality of ester-based materials
(COP-35−37) are different than the amide based materials and
will behave differently to the environmental condition of
pressure and temperature which lead to the largest adsorption
in case of COP-35 as compared to other counterparts.46 Main
reason for the CO2 adsorption on the solid sorbent is the active
sites such as as −NH2, −OH, −N, defect sites and electrostatic
environment that surround these sites which leads to stronger
interactions with surrounding CO2 environment around the
specimen that is being tested. Additionally, variation in the
adsorption mode and interaction of CO2 with different sites are
different in case of amide and ester based materials and will
definitely impact the adsorption capacity of these compounds at
high pressure and high temperature.48 In case of amide-based
Figure 6. CO2 uptake by all COPs (32−37) at 200 bar and 308, 323, and 338 K.
Figure 7. CO2 uptake by all COPs materials at 308 K and 200 bar.
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material (COP-32−34), nitrogen functionality is mainly
responsible for CO2 adsorption which plays important role at
lower pressure and temperature; however, in case of ester-based
materials (COP-35−37) hydroxyl ion is the main function
group on the surface of materials which can coordinate with
CO2 molecule more effectively as compared to the N
functionality at high pressure.48 Here in we assume that, at
high pressure the defects sites on COP-35 surface become
more favorable for CO2 molecules due to the enhancement in
the strength of coulomb forces and Van der Waal forces
resulting in increased adsorption capacity.49 Additionally,
although COP-35 has the lowest surface area and less pore
volume than other materials, however, it may have more defect
sites containing OH ion on these sites which effectively capture
CO2 with the support of mainly hydrogen bonding as evident
in the literature.48 Liu et al.50 have predicted that oxygen
containing functional group associated with the defect sites on
the surface of solid adsorbents enhances adsorption of CO2
leading to the increased adsorption capacity. We therefore
believe that COP-35 has more defect sites with associated
oxygen function group as discussed in the literature51 which
interact with the available adsorbate (CO2) molecules more
effectively at high pressure, thus leading to increased CO2
adsorption capacity.
All the materials were also tested for other gases, that is, CH4
and N2 at high pressure of 200 bar and three different
temperatures to get the complete scenario of the materials
behavior for adsorption of CO2 as well as other gases. Figure 8
compares the isotherms of CH4 and N2 of each material at
three different temperatures and pressure of 200 bar, which
reveal that COP-32 and COP-34 almost adsorb similar
quantities of CH4 and N2, while COP-33 uptake more N2
than CH4 under similar condition of pressure and temperature.
Additionally, ester based materials (COP-36 and COP-37)
adsorb N2 more effectively than CH4, whereas COP-35 up take
larger quantity of CH4 than N2 under similar pressure and
temperature conditions. Detail discussion on the CH4 and N2
adsorption mechanism and behavior of COPs materials is out
of the scope of the present study, however, the adsorption data
was obtained in order to check the material interaction with
gases other than CO2.
H2 adsorption capacities were measured in order to examine
the expected application of these materials in precombustion
capture and separation systems. All materials were subjected to
same pressure of 200 bar at sing temperature of 308 K to
compare their H2 uptake capacity with CO2 adsorption capacity
at similar conditions. Adsorption isotherms given in Figure 9
shows that COP-35 which has the largest CO2 capacity (144
mmol/g) can captures only 13 mmol/g of H2 at high pressure
Figure 8. CH4 and N2 uptake by all COPs (32−37) at 200 bar and 308, 323, and 338 K.
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of 200 bar and 308 K. On the other hand COP-33 adsorbed
significantly less quantity of H2 (1.7 mmol/g) as compared to
other counterparts and hence the selectivity of this material is
78 for CO2/H2, which is the highest among all COPs materials.
Figure 10 and Table 5 show the data and overall performance
of all COPs materials at three different temperatures (308, 323,
and 338 K) for the maximum adsorption of CO2, CH4, and N2
at 200 bar. It is evident from Figure 10 and Table 5 that COP-
35 uptakes the maximum CO2 quantity of about 144 mmol/g at
308 K which is known to be the largest capturing capacity of
solid sorbent, recorded for the first time in the literature under
similar condition. However, owing to the exothermic effect of
the adsorption process CO2 up take was reduced to 128 and
110 mmol/g at higher temperature of 323 and 33 K. Upon
comparing the capturing capacity of materials at 308 K and 200
bar, it can be seen that maximum adsorption capacity for CO2
varies as COP-35 > COP-33 > COP-32 > COP-37 > COP-36 >
COP-34, which is irrelative to the physical properties such as
pore volume and surface areas of materials. Figure 10 and Table
5 also represent the adsorption capacities of these materials
under similar condition for CH4 and N2, it can be seen that
with a minute difference all the materials almost behave
similarly for gases other than CO2. However, at low pressure
this trend of CH4 and N2 adsorption was different than that at
high pressure, since at low pressure of 10 bar, COP-36 and
COP-37 even could not up take any N2 giving rise very high
selectivity for CO2/N2.
Selectivity of COPs materials at high pressure of 200 bar and
three different temperatures given in Table 6 indicates that
along with the highest adsorption capacity COP-35 also have
best selectivity among all other materials. Selectivity was
calculated based on single gas sorption data collection at a time
getting the normalized sorption data among the gas sorption
values. As shown in Table 6 selectivity of COP-33 for
CO2:CH4:N2 is 10:1:2 at 308 K which is highest among all
other followed by COP-36 with the selectivity of 6:1:1 at 308. It
must also be noted that selectivity of COP-35 is almost
comparable to COP-34 where both are about stable at all other
temperatures of 323 and 338 K whereas selectivity of COP-33
reduced to 5:1:1 and 4:1:2 under similar conditions. It is
important to note that although, COP-35 has comparatively
similar selectivity to COP-34 however, the former has the
highest adsorption capacity whereas the later has the lowest
adsorption capacity.
Since adsorption is exothermic process and lot of heat is
liberated when adsorption take place on the adsorbent
surface,52 we therefore calculate the heat of adsorption
(shown in Figure 11) for each material at 308 K using
Clapeyron equation at particular number moles of CO2
captured by the adsorbents.53 As shown in Figure 11, the
material with largest adsorption quantity has highest heat of
adsorption, which is decreasing rapidly with increasing the
number of adsorbed mole on the materials surfaces. COP-35
has the highest heat of adsorption followed by COP-33, COP-
32 and COP-37, which is similar to the adsorption trend of
CO2 (Figure 7). Additionally, COP-34 and COP-36 have the
lowest adsorption as well as lowest heat of adsorption, which
Figure 9. H2 adsorption data for all COPs materials at 200 bar and 308
K.
Figure 10. Overall performance of all materials for CO2, CH4, and N2
adsorption at 200 bar and three different temperatures.
Table 5. Maximum Adsorption of N2, CO2, and CH4 by COP
Materials at 200 bar
CO2 (mmol/g) CH4 (mmol/g) N2 (mmol/g)
temperature (K)
material 308 323 338 308 323 338 308 323 338
COP-32 128 112 98 31 16 20 31 31 25
COP-33 133 118 79 14 22 24 30 29 30
COP-34 63 55 49 22 17 19 15 14 20
COP-35 144 128 110 58 52 42 34 32 29
COP-36 76 68 59 18 16 12 18 17 16.5
COP-37 116 112 101 24 16 14 31 29 26
Table 6. Selectivity of COP Materials at 200 bar
temperature (K)
308 323 338
material CO2:CH4:N CO2:CH4:N CO2:CH4:N2
COP-32 4:1:1 7:1:2 5:1:1
COP-33 10:1:2 5:1:1 4:1:2
COP-34 4:1:1 4:1:1 3:1:1
COP-35 4:2:1 4:2:1 4:2:1
COP-36 6:1:1 7:1:2 5:1:1
COP-37 5:1:1 7:1:2 7:1:2
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represent the lower performance of these two materials for CO2
up take.
A detailed investigation of Figure 11 indicates that for all
materials isosteric heat of adsorption initially decreasing
immediately form the largest value, become flatten and then
increases a little bit as the adsorbed number of moles increases.
Krungleviciute et al.54 also observed almost similar trend in the
isosteric heat of adsorption for the carbon nanotube, where
increase in the heat of adsorption at high surface coverage was
attributed to the intrainteraction of adsorbate molecules on the
surface.
Although, COP-35 has 15.01 kJ/mol heat of adsorption
which is the largest among all other COPs materials, however,
this is much lower than that of other physical adsorbents such
as polymers (20.3 kJ/mol),55 metal organic frame-works (90
kJ/mol),56 zeolites (50 kJ/mol),57 and functionalized silica
(100 kJ/mol). Riech et al.58 found that a nanoporous borazine-
linked polymer (BLP-1) has 22.2 kJ/mol heat of adsorption
which is least among all other materials for CO2 however, this
material has very low selectivity for CO2 over methane. It is
evident that, COPs material possesses very low heat of
adsorption, which makes these compounds more favorable as
long as regeneration and repeated use of the adsorbents are
concern.
As an essential property of adsorption−desorption process,
rate of adsorption was calculated via mathematical expression
mentioned in literature59 in the term of mass transfer
coefficient k (1/sec) (shown in Figure 12) at two different
temperatures and pressure of 10 bar from the adsorbed quantity
of CO2 at particular pressure values. It is important to note that
although COP-33 comparatively adsorbed more CO2 at 10 bar,
however, its rate of adsorption is significantly slower than all
other materials. Additionally, Figure 12 further reveals that at
298 K COP-37 up take CO2 with the fastest rate of about 0.94/
sec followed by COP-33 and COP-34, whereas COP-35 and
COP-36 have almost similar adsorption rate starting at around
0.5/sec. Figure 12 further indicates that in general rate of
adsorption reduces for all the materials with the increase of
temperature, however, in case of COP-32 temperature has
negligible effect on mass transfer co efficient. Unlike to
Brownian motion of gases, reduction in the rate of adsorption
on the adsorbent surfaces and within the pore at high
temperature is obviously due the exothermic effect of
adsorption, which hinders both the adsorption capacity and
moment of adsorbate on the surfaces. Since, mass transfer
coefficient of CO2 in ammonia absorption is restricted by the
gas−liquid interface and the different environmental condition
surrounding the gas molecules in aqueous ammonia,60 similarly,
the moment of CO2 on solid surfaces and inside the pore is also
restricted by hydrogen bonding and Van der Waal forces
between adsorbate and adsorbent. Additionally, surface
heterogeneity also plays important role in the adsorption
process which may subsequently leads to the enhancement in
heat of adsorption, as well as to the reduction in the rate of
adsorption. Boa et al. noted that all gases including CO2 and
methane adsorbed quickly and the equilibrium achieves rapidly
with increase in temperature using metal organic frameworks as
sorbent, however, in our case as shown in Figure 12, CO2
adsorption becomes slower with increase in temperature.61
In situ FTIR analysis was conducted using COP-35 as solid
sorbent to ensure the interaction of CO2 molecules with
attractive sites. In a typical procedure KBr powder and COP-35
were mixed with proper ratio and then dehydrated for at least
12 h to completely remove water content form the mixture.
Initially, background spectrum of only KBr pellet under vacuum
was collected in order to obtain pure spectrum of only CO2 and
COP-35. It is important to note that only single peak at 2337.5
cm−1 is observed upon injecting CO2 at room temperature as
shown in Figure 13, which is assigned to the residual gaseous
CO2 in the atmosphere of the sample and detector compart-
ments which could not be resolved by purging. The peak at
2337.5 cm−1 grows as CO2 pressure increases, overriding the
infrared absorbance of gaseous CO2 peak at 2349 cm
−1 until
Figure 11. Heat of adsorption associated with CO2 adsorption at 308
K.
Figure 12. Rate of adsorption calculated from data of CO2 adsorption at 298 K, 323 K, and 10 bar.
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the former prevails at 0.07 bar. This heterogeneous interaction
is allowed for six to 8 min to ensure saturation at each pressure.
The peak at 2337.5 cm−1 is assigned to CO2 asymmetric stretch
mode that is red-shifted with respect to the peak of gaseous
CO2, providing an evidence for the presence of at least one type
of sorption sites which is responsible for CO2 uptake by COP-
35. As the pressure increases, the absorbance of infrared
photons increases which indicates that CO2 adsorbed quantity
increases along with pressure. It is important to note that
vibrational frequency of asymmetric stretching mode of
adsorbed CO2 on graphene surface
62 was observed at 2393
cm−1, while it was detected at 2319 cm−1on graphite
nanoparticles.63 Contrary, in situ FTIR analysis of yttria-
stabilized ZrO2, Y2O3, and pristine ZrO2 showed that most of
the adsorbed CO2 has been chemically bonded to form various
carbonate species via chemisorption process due the presence
of hydroxyl group on the surfaces.64 In our case no evidence of
chemisorption was detected which indicates that COP-35
uptake CO2 only through physical adsorption, that is, via
Vander Waal interaction and columbic interaction and could be
a suitable material for further investigation.
4. CONCLUSION
Six different types of covalent organic polymers (COPs) with
two different functionalities, that is, OH group and N2 based on
different linkers and single building block monomers have been
successfully prepared and were tested for adsorption of CO2,
CH4, and N2 at various temperatures and pressures. Results
showed that at atmospheric condition (1 bar and 298 K) CO2
adsorption capacities of materials were mostly dependent on
the physical parameters i.e. surface areas and pores volume of
these materials, therefore, COP-33 uptakes more CO2 than
other COPs materials. On the other hand COP-35 has the
smallest surface area among all materials, which makes this
material less capable to adsorb CO2 at these pressure and
temperature conditions. Results further revealed that at
pressure of 10 bar, CO2 adsorption capacities of amides
(COP-32, COP-33, and COP-34) are strongly related to their
pores volume and surface areas, since, CO2 adsorption
capacities of amides have similar trend to that of the pore
volume (0.2 > 0.139 > 0.095 cm3/g) and surface areas. It was
also noticed that amides also adsorb certain quantity of N2 and
CH4 in addition to CO2, however, ester based materials are
totally inactive for N2 and CH4 at 10 bar and temperatures of
298 and 323 K. Unlike to lower pressure, performances of ester
materials (COP-35, COP-36, and COP-37) were different than
amide type materials at high pressure of 200 bar. Interestingly,
although COP-35 has the lowest surface area among all
materials, however, it up take 144 mmol/g CO2 at 308 K and
200 bar, which is the largest quantity adsorbed by any solid
sorbent so far in the literature. The largest adsorption capacity
of COP-35 than any other materials can be attributed to the
presence of defects sites on the surface, making this material
more favorable for CO2 molecules adsorption because of the
enhancement in the strength of coulomb and van der Waals
forces at high-pressure valves. Since, COP-35 adsorb largest
quantity of CO2, therefore, it has the largest heat of adsorption
(15 kJ/mol) among all COPs materials, but less than any other
solid sorbent reported in the literature. In addition to the
quantitative investigations, kinetics measurement of CO2
adsorption conducted at 10 bar and two different temperatures
revealed that COP-37 has the best while COP-33 has the
lowest rate of adsorption than all other materials. COPs
materials were also. On the other hand COP-33 has the best
selectivity for CO2:CH4:N2, which is 10:1:2 at 308 K and 200
bar, however, at atmospheric condition this material has much
higher selectivity of 32:1 for CO2:N2. It can be deduced from
the presented findings that, COP-33 has the best performance
at atmospheric condition and lower pressure; however, COP-35
has shown very interesting results at high pressure of 200 bar by
adsorbing the largest quantity of CO2 so far. On the basis of
these findings, it can be suggested that COP-35 needs to be
further investigated at various pressure and temperature
conditions including pressure swing adsorption and humidity
effect on the adsorption capacity.
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